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Disclaimer

• M. Schuh (CERN doctoral student) has studied in 
depth the HOM damping needs for the SPL and 
developed the code SMD (Simulate higher order 
Mode Dynamics). 

• He could explain why SNS does not need HOM 
dampers.

• For ESS a comparison was made between a 1300 MHz 
linac and a 704 MHz linac, covering the same energy 
range. However, no complete study of HOM needs for 
ESS was done by us! 



Overview

• Transverse effects/longitudinal effects

• General observations

• Beam chopping

• HOM power dissipation

• Excitation of fundamental passband modes

• Consequences for SPL/SNS/ESS



transverse effects

• HOMs that affect the transverse plane (e.g. Dipole modes) 
are excited by off-axis beams.

• However, with Qex = 107, even offsets of several mm, induce 
only negligible HOM cavity voltages (kV) and negligible 
increases of the effective beam emittance (<10% on ML).
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longitudinal effects

• proton linacs span a wide range of particle 
velocities,

➡ voltage errors yield phase errors, which yield 
larger voltage errors, etc. 

➡ (R/Q) of the accelerating mode and the HOMs 
depends on the velocity, 

• chopping creates new machine lines, 



general findings

Effect typical value Longitudinal Transversal

HOM Frequency Spread

Machine Lines 

I·R/Q

Charge Scatter

Chopping

Passband Modes

RF-Errors

1 MHz (σ) ➘ ➘ 
- ➚ ➙

- ➚ ➚ 
3% ➚ ➙

3/8 - 300/800 ➚ ➚ (bunch charge)

- ➚ (Chopping) -
0.5°/0.5%(rms) ➙ (on HOM) -

M. Schuh et al: “Influence of Higher Order Modes on the Beam Stability in a High Power 
Superconducting Proton Linac”, submitted to PRSTAB 



general findings

• We can excite HOMs at any frequencies, not only when 
they coincide with machine lines!

• However, outside of machine lines (Δf > 3 MHz), with a 
HOM frequency spread > 0.1 MHz, and with a charge 
scatter <5%, the effects of HOMs (Qex = 107, I=400 mA) 
are buried within the noise created by the RF system 
(0.5°/0.5% rms).

➡ We use the effective emittance increase of a pulse, 
which is caused by RF errors as threshold.

➡ If we can keep a distance of 3 MHz between HOMs and 
machine lines, we do not see a disturbance of the beam. 



beam chopping
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beam chopping: conclusions

• any pulse sub-structure creates new machine lines,

• only high-frequency chopping patterns (e.g. 3 
empty bunches out of 8) create important 
machine lines,

• if we want to allow all possible chopping patterns, 
then in the SPL case we need to impose a 
maximum Qex (105) for all HOMs, 

• lower frequency patterns (e.g.30/80 or 300/800) 
do not have a significant influence,



HOM power
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pulse)

The limitation may come from the 
power extracted by the coupler, 
rather than the dissipated power 
in the cavity.



HOM power: conclusions

• On fundamental machine line: 1W dissipated power in 
the cavity needs a Qex of ~106. However for the, 100 W 
extracted HOM power needs a Qex of 104 (1 kW ~ 105).  
Alternatively ensure >100 kHz distance of HOM to 
resonance line.

• On chopping machine line (high frequent): 1W 
dissipated power in cavity: Qex ~2-3 106. 100 W extracted 
HOM power: Qex ~105.  Alternatively ensure > 10 kHz 
distance of HOM to resonance.

M. Schuh, W. Weingarten: “Power dissipation by Higher Order Modes”,  
CERN-sLHC-Project-Note-0027



Fundamental passband modes (FPM)
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• The 4/5 π mode can have significant (R/Q) values, even 
exceeding those of the accelerating mode. 
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FIG. 20. (Colour:) (R/Q)(β) map of the TM010 modes in the studied cavity. The dashed line is the (R/Q) value of the mode
at the geometrical beta, which can differ several orders of magnitude from the maximum (R/Q) in the covered velocity range.

TABLE VIII. TM010 passband modes - SUPERFISH results.

Cavity βg = 0.65 βg = 1.0
fn (R/Q)(βg) fn (R/Q)(βg)

Mode [MHz] [Ω]† [MHz] [Ω]†

TM010, 0 697.4 0.003 692.6 0.001
TM010, 2/5π 699.3 0.019 695.7 0.012
TM010, 3/5π 701.7 0.049 699.8 0.002
TM010, 4/5π 703.7 0.002 703.1 0.015
TM010,π 704.4 318.773 704.4 561.928

† linac definition

In the first configuration the TM010, 4/5π modes are
excited by the nominal pulse structure for five differ-
ent beam currents, as shown in Fig. 21, and 100 linacs
are simulated for each step. Above Qex = 5 · 104 the
average effective longitudinal ε as well as its deviation
increases significantly for 〈Ib〉 = 400mA and losses in
some simulation runs occur if Qex > 5 · 105. The rate
of runs with losses increases to 47% at Qex = 107. At
〈Ib〉 = 200mA the influence of the TM010, 4/5π modes
starts to rise above Qex = 105 and no significant effect
occur at 〈Ib〉 = 100mA and lower currents. The strong
influence of the TM010,4/5π is due to the high (R/Q) val-
ues at the beginning and end of the medium beta section.
This effect can only be reduced by reducing the energy
range, which is covered by the medium beta cavity.
The TM010, 3/5π mode in the high beta cavity and the

TM010, 2/5π mode in the medium beta cavity are close
to a chopping machine line at 699.998MHz created by a
50/80 chopping pattern. A worst case scenario would be,
if the mean mode frequency in both cavities is identical
with the chopping machine line, which is simulated and
shown in Fig. 22. For comparison the simulation is re-
peated with the mode frequencies obtained from SUPER-
FISH, see Fig. 23, and with the nominal pulse structure,
see Fig. 24. All simulations are done for 10 linacs.
If the mean mode frequency falls directly on that chop-
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FIG. 21. (Colour:) Average longitudinal phase space increase
and upper RMS error against the damping Qex caused by the
TM010,4/5π modes and different currents. Above the RF-limit
(dashed line) lossy runs occur. Settings: TM010,4/5π mode,
σfn = 10 kHz, N = 100, see Tab. VI.

ping machine line, ε increases significantly. At 400mA
the beam exceeds the RF growth limit above Qex =
5 · 104, where also losses occur and operation would only
be possible, if the mode is strongly damped. At nomi-
nal beam current the beam stays stable, but ε starts to
grow above Qex = 104. All simulations away from the
resonance show no significant longitudinal phase space
increase even when using ten times the nominal current.
A distance of a few 100kHz to the chopping machine line
is sufficient to avoid resonance excitation and a signifi-
cant longitudinal phase space increase.

In [47] the damping, provided by the fundamental
power coupler, is estimated for the fundamental pass-
band modes. The damping is sufficient for all scenarios
as long as the beam current does not exceed 100mA. At
400mA ε exceeds the RF growth limit at the expected
Qex in the worst case chopping scenario and for the ex-

FPMs II
effective phase space increase of pulse

RF errors

• frequency spread: 10 kHz,
• charge scatter: 3%
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FIG. 22. (Colour:) Average longitudinal phase space increase
and upper RMS error against the damping Qex caused by
the TM010,3/5π mode and TM010,2/5π mode and a chopped
beam, where the mode frequency is shifted to the chopping
machine line. The phase space increase due to RF errors is
indicated with the dashed line. Settings: Passband modes,
〈fn〉 = 699.998MHz, σfn = 10 kHz, chopping pattern: 50/80,
N = 10, see Tab. VI.

exQ
410 510 610 710

!
 / 

HO
M

!

1.00

1.02

1.04

1.06

1.08

1.10
 [mA]:bI

 400  200
 100   80
  40

FIG. 23. (Colour:) Average longitudinal phase space in-
crease and RMS error against the damping Qex caused by
the TM010,3/5π mode and TM010,2/5π mode and a chopped
beam. Settings: Passband modes, σfHOM

= 10 kHz, chopping
pattern: 50/80, N = 10, see Tab. VI.

citation of the TM0104/5π mode.

VI. TRANSVERSE PLANE

In contrast to the longitudinal plane a HOM, that af-
fects the transverse plane, can only be exited by an off
axis beam, because Ez(0,φ, z) is zero for all these modes.
Firstly, the parameters and assumptions needed to exe-
cute simulations in the transverse plane are summarised.
Then effects such as beam break up threshold current,
beam noise, alignment errors, and sub-structured pulses
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FIG. 24. (Colour:) Average longitudinal phase space increase
against the damping Qex caused by the TM010,3/5π mode and
TM010,2/5π mode. Settings: Passband modes, σfn = 10 kHz,
N = 10, see Tab. VI.

TABLE IX. Default settings used in all transversal beam dy-
namics simulations.

Injected beam Mean σ
EInput [MeV] 160 0.0
φ [deg at 704MHz] -15 0.0
x [mm] 0.0 0.3
x′ [mrad] 0.0 0.3
Ibeam [mA] 400 3%

Pulse structure
Tb [ps] 2.84
Tp [ms] 1.00
Tr [ms] 20.0

Dipole mode βg = 0.65 cavity
fn [MHz] 1020 1
(R/Q)⊥(β) [Ω] 8 · 10−3 - 103
Qex 107

Dipole mode βg = 1.0 cavity
fn [MHz] 915 1
(R/Q)⊥(β) [Ω] 38 - 57
Qex 107

are investigated in detail.

A. Simulation input parameters

It is assumed for the SPL, that the beam enters the
linac on axis with a Gaussian position and momentum
spread listed in Table IX together with all other default
simulation settings used in the transverse plane. An ex-
plicit study of off axis injected beams is done as well and
will be discussed later in this section.
A bunch is defined as lost if the transverse displace-

ment at the end of a section is larger than the iris radius
of the cavity, which is a very optimistic value. The aim of

• directly on a 30/80 
chopping machine line

damping by power coupler



FPM: conclusions

• Depending on the linac layout, FPMs can be excited to 
significant levels and disturb the beam.

• In the SPL case the 4/5 π mode is damped by the 
power coupler with Qex≈106.

• An optimization of transition energies is certainly 
helpful (e.g. start at 180 MeV instead of 160, and use a 
β<1 cavity for the high-energy part.

• The choice of transition energies and cavity βs has a big 
influence not only on the FPM but also on the HOMs 
(β dependency of (R/Q).



Why can SNS take out their HOM couplers?

SPL SNS

Chopping

No Cavities

HOM Frequencies

Max (R/Q)HOM/(R/Q)acc
Max (R/Q)PBM/(R/Q)acc

3/8 or similar (high-
frequency) 118/378 (low frequency)

250 81

not measured none close to machine 
lines (known)

6%/20%† 2%/7%

83%/31%‡ 46%/27%

† lower max. (R/Q)HOM values seem to be a feature of low-β cavities, not 
well understood.
‡ depends on the β-range per cavity type.



ESS frequency comparison

 ! = 0.63  ! = 0.75

 ! = 0.75  ! = 0.84

SC-Spoke

SC-Spoke

NC

NC

50 MeV 225 MeV 500 MeV

50 MeV 380 MeV 660 MeV

0 m 57 m 109 m 345 m

2500 MeV

52 m 237 m

0 m 117 m 176 m 416 m
59 m 240 m

2500 MeV

352 MHz

325 MHz

704 MHz 704 MHz

1300 MHz 1300 MHz

M. Schuh: “HOM Issues in 704.4 MHz and 1.3 GHz superconducting cavities”,  
CERN-sLHC-Project-Note-0031



cavity data

βg

704.4 MHz704.4 MHz 1.3 GHz1.3 GHz
0.63 0.75 0.74 0.84

Cells
L (Lactive) [m]

Riris [cm]
R/Q(βg) [Ω†]

Gradient [MV/m]
fCutoff  [GHz]

Installed

5 5 9 9
0.99 (0.67) 1.11 (0.79) 1.09 (0.77) 1.19 (0.87)

5.5 6.2 3.5 3.5
238 307 513 715
14 20 15 21

2.09 1.85 3.28 3.28
36 168 40 160



(R/Q) of FPMs and HOMs
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induced HOM voltages

4.2 HOMs with high (R/Q)(β) values

The HOM with the highest (R/Q)(β) value is chosen individually in each cavity for the
corresponding β, see Table 4. A HOM frequency spread of 1MHz in the 704MHz option
and 2MHz in the 1.3GHz option is used. In order to avoid pulse to pulse coupling the HOM
damping in terms of Qex is set to 108 in all cavities for both options. The beam current is varied
between the nominal 50mA and 400mA to explore the safety margin.

Table 4: HOMs used in the simulations. The (R/Q)(β) map of the modes is shown
in Fig. 5 and Fig. 6.

704 MHz 1.3 GHz
Section fn σfn (R/Q)(β)max fn σfn (R/Q)(β)max

[MHz] [MHz] [Ω]† [MHz] [MHz] [Ω]†

Medium β 1817.37 1 0.964124 3070.12 2 5.38
1835.18 1 2.4 3085.97 2 8.7
1849.61 1 5.2 3096.47 2 11.1

High β 1623.77 1 36.1 2749.17 2 90.1
1623.84 1 30.3 2752.79 2 42.1

2769.63 2 34.5
† linac definition

First, it is validated, that at Qex = 108 no pulse to pulse coupling occurs by simulating
100 consecutive pulses with a beam current of 400mA. In Figure 10 the maximum observed
cavity HOM voltage in the linac is plotted at the end of each pulse for both options. It shows a
completely random distribution and no correlation between the pulses is observed. The induced
voltages in the 1.3GHz case are significantly higher than for the 704MHz case. At weaker
damping (higher Qex) an increase of cavity HOM voltage over the pulses is observed due to the
pulse to pulse coupling.

(a) 704 MHz linac
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(b) 1.3 GHz linac
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Figure 10: Maximum HOM voltage in the linac after each pulse for 100 consecutive pulses
at 400mA, with Qex = 108 and for the HOMs listed in Tab 4. No systematic pattern is
observable in both linacs. The voltage in the 1.3GHz option is significant higher.

Based on this result, only one pulse is simulated with no HOM voltage present in each

9

Voltages after one pulse (averaged over 100 pulses) at 400 mA, 
Qex=108 assuming the presence of the most prominent HOMs.



effective (pulse) emittance growth

Table 5: Average energy and phase error deviat ion as well as the phase
space increase at the end of the linacs for inject ion beam jit ter, RF-errors
and HOMs.

704 MHz 1.3 GHz
σE σφ ε/εNorm σE σφ ε/εNorm

[MeV] [deg]† [MeV] [deg]†

nominal 0.113 0.370 1 0.137 0.245 1

more inj. jitter2 0.214 0.740 4.65 0.288 0.490 4.27
RF errors3 0.498 0.523 4.76 0.473 0.362 3.18

HOM4 50 mA 0.113 0.415 1.0003 0.137 0.245 1.002
HOM4 400 mA 0.114 0.370 1.02 0.155 0.247 1.15

†
degree at 704 MHz; all values are normalised to this unit

1
Reference simulation with nominal injection noise, see Fig. 7.

2
doubled injection energy jitter and doubled injection phase jitter in the

704 MHz linac, see Fig. 8..

3
Average of 1,000 simulations, see Fig. 9.

4
Average of 100 simulations, Qex = 108

, see Tab. 4.

(a) 704 MHz linac
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(b) 1.3 GHz linac
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Figure 12: Phase spacearea increaseof a pulse in both linacs under the influence of HOMs
for different beam currents and damping values. At nominal current no effect is observed
below Qex = 108. Different scales for the y-axis are used, because the phase space increase is
about one order of magnitude higher in the 1.3GHz linac due to the higher HOM voltages,
as illust rated in Fig. 11.
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At 50 mA there is no measurable effect for Qex < 108 in 
both cases.



excitation of FPMs (TM010)
For these modes a sweep of Qex and Ib is done and and the phase space increase is il-

lustrated in Figure 21 for both linacs. One simulation is executed for each combination and
simulations are stopped for higher Qex values in case the resulting phase space area is a factor
100 higher than the reference area.

(a) 704 MHz linac
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(b) 1.3 GHz linac
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Figure 21: Phase space area increase of one pulse under the influence of non accelerating
TM010-modes for different beam currents and damping. The phase phase increase due to
RF errors is indicated with the dashed line. No significant influence is observed at nominal
current. Increasing the current lead to a strong phase space increase. At 400mA the phase
space more than a factor 100 larger for Qex > 106 and in the 1.3GHz linac even at 200mA
for Qex > 107.

At nominal beam current the effect is still minor, but increases significantly above 100mA
in the 1.3GHz linac and 200mA in the 704MHz linac. The fundamental power coupler should
provide a damping in the order of some 105. At that damping level, the phase space increase in
the 704MHz linac is tolerable for all simulated currents, while in the 1.3GHz linac the phase
space increase exceeds the value which is caused by RF errors in case of 400mA. The safety
margin is about a factor two higher in the 704MHz linac option. In general the βg should be
reconsidered to reduce the (R/Q)(β) values of the fundamental passband modes beside the
accelerating mode.

5 Conclusions

Comparing directly the cavities properties one finds that the (R/Q)(β) increases with the
number of cells for all modes while the energy acceptance decreases with the number of cells.
Hence, the high (R/Q)(βg) of the accelerating mode drops fast for velocities different from
βg. From this point of view a lower number of cells is preferable for β < 1 particles, which
implies the use of a lower operation frequency in order to keep a high real estate gradient. In the
investigated case the (R/Q)(β) are about a factor two higher in the 1.3GHz cavities compared
to the 704MHz cavities.

The phase space increase due to HOMs at nominal current is negligible compared to the
effect of RF errors, if they are not excited resonantly. Based on the discussed scenarios a weak
HOM damping in the order of Qex ∼ 108 could be fine in both linacs, if there is no HOM
with high (R/Q)(β) close to fundamental machine lines. The fundamental passband modes
are critical in both options, because of the high (R/Q)(β) at the end of both linacs. This can
cause a phase space increase especially in the 1.3GHz linac for high currents. For a final
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influence of neighboring FPMs at the end of one pulse 



Conclusions of frequency comparison

• For both simulated linac sections a Qex = 108 seems 
sufficient, when staying away from machine lines and 
operating at 50 mA. 

• HOM voltage maxima in the 1.3 GHz case are ~10 
times higher. 

• Effective growth (pulse) in the 1.3 GHz case is ~10 
times higher.

• Excitation of FPMs critical in both cases, but again 
worse in the 1.3 GHz case. Can be strongly influenced 
by layout choices (transition energies, cavity families).


